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Oxygen vacancyAbstract One of the challenges in improving the efﬁciency of hybrid solar cells is to remove crystal
defects from the semiconducting nanoparticles. Here we report the synthesis, characterization and
applications of transition metal doped ZnO nanorods in hybrid bulk heterojunction solar cells.
MnxZn1xO and NixZn1xO with dopant concentrations ranging from x= 0.01–0.10 were success-
fully synthesized by a novel facile solution-processed wet chemical method, which gave better yield
at low cost and temperature. The morphological and optical properties of the material were inves-
tigated by Transmission electron microscopy (TEM), UV–Visible and Fluorescence spectroscopies.
TEM measurements conﬁrmed the reduction in size of nanorods upon doping. UV–Visible spectra
of doped nanorods showed blue shift with respect to the reference undoped ZnO. The defect emis-
sions were completely disappeared from the ﬂuorescence spectra upon doping at high concentra-
tions. These doped nanorods in combination with P3HT were employed in the hybrid solar cells
which gave better current densities than their corresponding undoped counterparts.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
ZnO is an important II–VI compound semiconductor which
ﬁnds wide applications in sunlight harvesting, sensors, spin-
tronics, piezoelectric and optoelectronic devices (Wang and
Song, 2006; Zhiyong et al., 2004). In order to be useful for these
applications, one of the key requirements is to dope it with cer-
tain elements so as to control and regulate its optical and elec-
trical properties (Zheng et al., 2004; Wen et al., 2003). ZnO has
been the focus of research in solar cells in various morpholog-
ical forms and orientations but little or no attention has been
paid to the use of its doped form for harvesting solar energyrid bulk
2 S.M. Shah et al.(Law et al., 2005). Zhong et al. reported that the n-type conduc-
tivity of ZnO could be controlled by growing it in an inert
atmosphere or doping with elements of group III (Zhong
et al., 2003; Kohiki et al., 1994). Similarly Gang Xiong et al.
demonstrated that reactive sputtering can produce intrinsic
P-type ZnO, controlled by adjusting the partial pressure of oxy-
gen in the sputtering plasma (Xiong et al., 2002). P-type con-
ductivity in ZnO has also been reported by doping the
semiconductor with arsenic (Ryu et al., 2000) or phosphorus
(Xiang et al., 2006). Nitrogen doping of ZnO nanorods was
reported to show strong UV-emission and negligible defect
emission (Ishizumi and Kanemitsu, 2005; Lin et al., 2005).
But the problem with P-type doping is that it is not as straight-
forward as n-type. P-type conductivity is difﬁcult to achieve due
to the presence of native defects (Djurisˇic´ and Leunh, 2006).
Presence of the 3d transition metal ions in the ZnO matrix
can lead to phonon scattering, thereby improving thermoelec-
tric efﬁciency (Lo et al., 2012). Using transition metal ions hav-
ing the same valence state as Zn, the differences in ionic radii
are minimized and hence defects are suppressed (Mohan
Kumar et al., 2013). Cr-doping affects the defects and oxygen
vacancies and thus helps in the bandgap tuning of ZnO nano-
rods for applications in nano-optoelectronic devices, charge
storage and nanoscale memory devices (Gupta et al., 2012).
Mn, Ni and Co have been found effective in the red/blue shift
and hence bandgap tuning of ZnO nanorods (Fukumura et al.,
1999; Bhat and Deepak, 2005).
Oxygen atoms are tetrahedrally arranged around Zn in the
hexagonal structure of ZnO. Substitution of Zn atoms by
selected transition metals impregnates ZnO with interesting
physical and optical properties (Herng et al., 2011).
The electrical and optical properties of transition metal
doped ZnO nanostructures have been studied for several years
(He et al., 2005) using different methods of synthesis. These
techniques for the growth of doped and undoped ZnO nano-
rods include metal–organic chemical vapour deposition (MOC-
VD), metal–organic vapour phase epitaxy (VPE), pulsed laser
deposition (PLD), Carbo-thermal evaporation (CTE), aqueous
chemical growth (ACG) electro deposition (ED) and hydrother-
mal deposition (HD) (Wu and Liu, 2002; Bakin et al., 2007;
Nobis et al., 2004; Czekalla et al., 2008; Vayssieres et al.,
2001; Illy et al., 2005; Park et al., 2002; Anthony et al., 2007;
Damen et al., 1966). The route of synthesis reported in this
paper is wet and solution based. It is cost effective, low temper-
ature and large scale synthesis method which can be used for the
productions of ZnOnanospheres as well as nanorods. The effect
of selected transition metals doping on the optical properties,
structural defects and the use of material in hybrid bulk hetero-
junction solar cells makes this study interesting and novel.
2. Experimental
All the chemicals for the synthesis of transition metal doped
and undoped ZnO nanorods were used as received without fur-
ther puriﬁcation.
2.1. Synthesis of transition metal doped ZnO nanorods and
nanoparticles
For the synthesis of transition metal doped ZnO nanoparticles,
MnxZn1xO and NixZn1xO wet chemical method, modiﬁedPlease cite this article in press as: Shah, S.M. et al., Optical and morphological studie
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methanol was employed as a solvent because crystal growth
is highly effected by the presence of water. The dopant concen-
tration x ranged from 0.01 to 0.10, where x= 0.01 represents
(1%), 0.05 (5%) and 0.10 (10%) doped samples, respectively.
4.15 g of zinc acetate and acetate salt of dopant material at a
desired concentration were dissolved in 214.15 ml of puriﬁed
distilled methanol by heating at appropriate temperature.
1.5 ml of distilled water was added to it. Next in a separate
ﬂask 1.40 g sodium hydroxide was dissolved in 117.5 ml of
methanol by ultrasoniﬁcation. This was added to the former
solution (reaction mixture) drop by drop under an inert
(Argon) atmosphere and constant magnetic stirring. Reaction
mixture attained different colors with different dopants at dif-
ferent stages. In case of manganese acetate, by adding alkali it
turned dark brown then went through a brownish transparent
phase and after 2 h and 15 min the reaction mixture attained
dark brownish white colour. When chromium acetate was used
as dopant, the addition of alkali imparted grayish white colour
to the reaction mixture which passed through a light grayish
transparent phase and after a duration of 2 h and 15 min it
attained milky grayish white color. In all the cases, precipitates
were collected, thoroughly washed and then stored in the dark.
In order to grow the nanoparticles into nanorods, the solu-
tion of nanoparticles was concentrated using rotary evapora-
tor under reduced pressure (75 torr at 55 C) until its volume
was reduced to almost one-tenth. This concentrated solution
having transparent appearance was replaced over the oil bath
at 60 C for almost 48 h under constant stirring. The precipi-
tate so obtained was washed thrice with freshly distilled meth-
anol and stored in the dark.
2.2. Fabrication of hybrid bulk heterojunction solar cell
Doped semiconductor nanoparticles were synthesized and dis-
solved in methanol. This solution was termed as solution A.
20 mg/mL solution of P3HT was prepared in methanol by
heating in argon atmosphere. This solution was termed as
solution B. These two solutions were thoroughly mixed. A
glass sheet of 3 · 2 cm2 dimensions covered with ITO
(80 nm) was used as a substrate, a portion of which was etched
with hydrochloric acid (32%). Thereafter it was properly
washed in order to remove traces of HCl. This clean substrate
was coated with a thin layer of PEDOT–PSS by spin coating.
In the subsequent step, the photo-functional material which is
a blend of doped ZnO nanorods and P3HT was spin coated
over the top of PEDOT–PSS at a speed of 1500 rpm and accel-
eration of 2000 rpm/min for 20 s, and then at a rate of 500 rpm
and 100 rpm/min for 20 s in order to remove the solvent com-
pletely. Finally Al was deposited by thermal evaporation under
high vacuum conditions. This was done in the metal evapora-
tor and 80 nm thick cathodic strips were made to extract and
guide electrons to the external circuit. The device was annealed
at 90 C for 15 min under argon ﬂow to attain nice morpholog-
ical distribution of the active blend.
2.3. Characterization techniques
2.3.1. UV–Visible spectroscopy
Absorbance spectra were recorded with UV–Visible (Shima-
dzu 1601) spectrophotometer, using a quartz cuvette of 1 cms of transition metal doped ZnO nanorods and their applications in hybrid bulk
.1016/j.arabjc.2014.10.001
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the solutions.
2.3.2. Fluorescence spectroscopy
Fluorescence spectra were recorded with (Perkin Elmer LS 55)
Spectrophotometer. For the emission spectrum the excitation
wavelength was ﬁxed at the wavelength of maximum absorp-
tion of the compound.
2.3.3. Transmission electron microscopy
JEOL 2010 was used for the morphological studies of the sam-
ples both doped and undoped. Samples for the HRTEM anal-
ysis were prepared by drop casting very dilute colloidal
solution on an amorphous carbon grid and then drying at
room temperature.
2.3.4. Solar cell characterization
Solar cells were characterized by the current voltage measure-
ments which were performed in air by using a tungsten halogen
lamp (150 W) with AM 1.5 G (Oriel 81086) ﬁlter and Keithley
2400 as a source meter. Software (Lab view) was used to
record the current voltage measurements.
3. Results and discussions
3.1. Optical properties of doped ZnO nanorods
3.1.1. UV–visible spectroscopy
Optical absorption spectra of manganese and Ni-doped ZnO
nano rods with the dopant concentration x ranging from
x= 0.0 to 0.1 are shown in Fig. 1a and 1b, respectively. All
these spectra show a signiﬁcant blue shift in the absorption
wavelength. Maximum blue shift of 16–18 nm with respect to
the reference is observed at dopant concentration x= 0.1
(10%). This could mainly be ascribed to the Burstein–Moss
Shift. This shift in the kmax could also be related the decrease
in size, stronger quantum conﬁnement effects or the surface
plasmon resonance which is the characteristic of the transitionFigure 1 UV Visible spectra of manganese and Ni-doped ZnO nano
(black), 1% doped (red), 5% doped (green), 10% doped (blue).
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stein–Moss Shift.
It can be seen from the above spectra that band gap of
material increases appreciably with respect to pure ZnO nano-
rods having a bandgap of 3.37 eV (Zhang et al., 2009). The
band gap was greatly altered and at different dopant concen-
tration x= 0.01, 0.05 and 0.1, it was found be 3.41 eV,
3.43 eV and 3.51 eV, respectively. This is shown in Table 1.
Optical band gaps of doped and un-doped ZnO nanorods
were calculated from the UV–Visible spectra using the formula
Eg = hc/k, where Eg is the optical band gap of the nanorods
and k is the onset wavelength of absorption of ZnO nanorods.
3.1.2. Fluorescence spectroscopy
In the ﬂorescence spectra of Mn doped ZnO nanorods two
regions can be differentiated, one ranging from 350 nm to
400 nm, is called band edge emission region. This emission
could be related to the recombination of electrons from the
valence band and holes from the conduction band (Wu
et al., 2004; Panigrahy et al., 2009). The second region extend-
ing from 430 nm to 600 nm is termed as defect emission region.
This emission arises due to the presence of defects. Fig. 2a
gives the emission spectra of undoped and Mn-doped ZnO
nanorods at various dopant concentrations. These spectra
reveal that Mn doping induces signiﬁcant changes. The emis-
sion spectrum of pure ZnO nanorods shows the presence of
intense defects states but as ZnO is doped, remarkable changes
in the intensity of this peak are observed i.e. the defect peak
becomes less intense and at the highest dopant concentration
i.e. x= 0.1 the defect emission almost vanishes. It follows
therefore that Mn-doping is effective in reducing the defects
in the crystalline structure by eliminating surface defects. Sim-
ilar trend was observed in Ni-doped ZnO but the diminution
of defect emission is less signiﬁcant at dopant concentrations
0.01 and 0.05 and at the highest concentration the defect emis-
sion is almost completely quenched. Defects are mostly
concentrated on the surface than the bulk phase which give
green emission in the visible region and get suppressed by
grafting the surface of nanorods with dye molecules or arods at different dopant concentration. undoped ZnO nanorods
s of transition metal doped ZnO nanorods and their applications in hybrid bulk
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Table 1 Optical band gap of doped ZnO nanorods.
Dopant content Parameters
kmax (nm) Band gap (eV)
0.0 370 3.37
0.01 365 3.41
0.05 362 3.43
0.1 354 3.51
Table 2 Showing overall composition ratio of doped ZnO
nanorods.
Sample Percentage of zinc Percentage of Mn
1% doped 99 0.98
5% doped 94.51 5.30
10% doped 89.9 9.88
Sample Percentage of zinc Percentage of Ni
1% doped 99.2 0.83
5% doped 94.98 4.92
10% doped 90.1 0.98
4 S.M. Shah et al.surfactant. In our case, as we increase dopant concentration,
the intensity of defect emission decreases until it is completely
quenched at the highest dopant concentration. This could be
related to the presence of dopants on the surface of nanorods
and hence passivate defects or transform radiative emissions
into non-radiative emissions. This is shown in Fig. 2b. Addi-
tionally the doped cations provide competitive pathways for
the radiative recombinations which explain quenching of the
emission bands (Zhong et al., 2003). Here it is pertinent to
mention that doping plays a signiﬁcant role in eliminating
these surface defects. The long wavelength emission mayFigure 2 Florescence spectra of (a) manganese and (b) nickel doped Z
5% doped (dash dot), 10% doped (short dot).
Figure 3 TEM images of (a) undoped ZnO nanorods (b) Mn-do
concentration.
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are doped with different dopants or the same dopant under dif-
ferent experimental conditions or different methods of incor-
poration (Djurisˇic´ and Leunh, 2006).
In the band edge emission part of the ﬂorescence spectra it
is observed that the intensity of this emission is slightly
affected by the introduction of doping material whether it is
Mn or Ni.nO nanorods. Undoped ZnO nanorods (solid), 1% doped (dash),
ped and (c) Ni-doped ZnO nanorods at medium (0.05) dopant
s of transition metal doped ZnO nanorods and their applications in hybrid bulk
.1016/j.arabjc.2014.10.001
Figure 4 I–V plots of manganese doped ZnO nanorods. P3HT–
ZnO dark (solid), P3HT pure (dash dot dot), P3HT–ZnO
reference (dash), P3HT–ZnO 1% doped (dash dot), P3HT–ZnO
5% doped (dot), P3HT–ZnO 10 % doped (short dot).
Figure 5 I–V plots of nickel doped ZnO nanorods at various
dopant concentration. P3HT–ZnO dark (solid), P3HT pure, (dash
dot dot), P3HT–ZnO reference (dash), P3HT–ZnO 1% doped
(dash dot), P3HT–ZnO 5% doped (dot), P3HT–ZnO 10 % doped
(short dot).
Optical and morphological studies of transition metal doped ZnO nanorods 53.1.3. Composition of doped ZnO nanorods
Overall composition ratio of the doped ZnO nanorods was
worked out using ICP-AES Thermo Jarrel ash iris spectrome-
ter (USA). The elemental composition matched well with the
percentages of precursors used for the synthesis of nanorods.
The overall ratio of composition of nanorods is summarized
in the following table (see Table 2).
3.1.4. Transmission electron microscopy
Transmission electron microscopic images shown in Fig. 3
indicate that pure ZnO nanorods have smooth surfaces. This
might be due to the reason that are formed by the Ostwald rip-
ening mechanism. On the other hand the morphology of the
Mn doped, Fig. 3b, and Ni-doped, Fig. 3c, ZnO nanorods is
signiﬁcantly altered. They have rough surfaces, comparably
thinner and smaller in size. This might be interpreted as that
doping shifts the mechanism of growth to oriented attachment
preferably. The clusterization and alignment of doped ZnO
nanorods could also be related to the mutual entanglement
of nanorods due to the presence of bottlenecks developed as
a result of growth by oriented attachment.
3.2. Current–voltage measurements
3.2.1. Mn-doped ZnO nanorods
In order to check the effect of doping on the photovoltaic per-
formance, solar cells were fabricated using Mn-doped ZnOTable 3 Showing the performance of manganese doped ZnO–P3HT
density, VOC = open circuit voltage, FF = ﬁll factor and g= cell co
Device composition Jsc (mA/cm
2) VOC (V)
P3HT pure 0.06 0.39
P3HT–ZnO (Ref) 2.39 0.53
P3HT–ZnO–Mn 1% 2.57 0.53
P3HT–ZnO–Mn 5% 3.00 0.47
P3HT–ZnO–Mn 10% 0.11 0.43
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subjected to the current voltage measurement by using an arti-
ﬁcial solar simulator which irradiates white light of intensity
100 mW cm2 (AM 1.5 solar spectrum). When the photoactive
material consisted of only P3HT, the device did not perform
well however using the blend of P3HT and ZnO nanorods
had a signiﬁcant performance in the fabricated device. This
testiﬁed the importance of nanorods.
I–V curves of the reference device and devices containing
Mn as dopant, are shown in Fig. 4. The reference cell shows
excellent diode behavior in the dark and it is indicated by
the I–V plot in black. When the solar cells were exposed to
light the current density was increased. For 1% doped sample
the current density and efﬁciency of the device was found bet-
ter than the reference sample. Maximum current density was
noticed for 5% doped sample whereas for 10% doped samples
the current density as well as the efﬁciency of the device was
found much lower. The reason behind this could be that as
we increase the concentration of metal, the crystalline structure
deteriorates or probably by increasing the concentration new
phases appear due to which current starts decreasing. The
slight increase in efﬁciency of the device could be related to
the elimination of defect emission from the nanorods but
unfortunately doping leads to growth by oriented attachment
which makes the nanorods rough. Such nanorods have rough
surfaces and develop resistance to the ﬂow of current.
Table 3 enlists the numerical values of the efﬁciencies, short
circuit current, Fill Factors and open circuit voltages of thesolar cells under AM 1.5 conditions. Jsc = short circuit current
nversion efﬁciency.
MPP (mW/cm
2) Fill factor Eﬃciency (g %)
0.006 0.27 0.006
0.67 0.52 0.65
0.72 0.52 0.71
0.69 0.49 0.69
0.012 0.25 0.11
s of transition metal doped ZnO nanorods and their applications in hybrid bulk
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Table 4 showing the performance Ni-doped ZnO–P3HT solar cells under AM 1.5 conditions. Jsc = short circuit current density,
VOC = open circuit voltage, FF = ﬁll factor and g= cell conversion efﬁciency.
Device composition Jsc (mA/cm
2) VOC (V) MPP (mW/cm
2) Fill factor Eﬃciency (g %)
P3HT pure 0.06 0.39 0.006 0.27 0.006
P3HT–ZnO Ref. 2.39 0.53 0.67 0.52 0.65
P3HT–ZnO–Ni 1% 2.48 0.49 0.43 0.35 0.43
P3HT–ZnO–Ni 5% 2.88 0.45 0.50 0.39 0.51
P3HT–ZnO–Ni 10% 1.54 0.41 0.22 0.34 0.21
6 S.M. Shah et al.devices with respect to the reference device. It is noticeable that
efﬁciency is directly proportional to these three factors i.e. Jsc,
VOC and ﬁll factor. A small change in any of these factors
causes an observable change in the efﬁciency.
From the table we can see very clearly that the solar cell
made up of P3HT and 5% Mn doped, shows highest value
of Jsc i.e. 3.00 mA/cm2 but its ﬁll factor is less i.e. 0.49 and
due to this reason its efﬁciency is less whereas the solar cell
made up of P3HT and 1% Mn doped ZnO nanorods with a
Jsc value of 2.57 mA/cm2 has the highest efﬁciency owing
to comparably higher values of FF and VOC.
3.2.2. Ni-doped ZnO nanorods
The I–V plots of Ni-doped and un-doped ZnO nanorods are
depicted in Fig. 5. It is observed that reference cell shows excel-
lent behavior in the dark and when light was shined on the
device, a signiﬁcant increase in the current density was noticed.
In case of the doped samples the current density raised signif-
icantly for 1% and 5% doped samples but thereafter it was
decreased suddenly for 10% doped sample. The increase in
current density could not bring about a matching increase in
the overall efﬁciency of the device in all cases. The increase
in current density could be related to the decrease in the inten-
sity of defects but the rough surface and small sizes of the
nanorods increase resistance to the ﬂow of current. Therefore
the cells do not have good FF and VOC which signiﬁcantly
reduces the overall efﬁciency of the cells.
The numerical values of efﬁciencies, short circuit current,
open circuit voltage and ﬁll factors of solar cells have been
summarized in Table 4.
4. Conclusion
Two series of transitions metal doped ZnO Nanorods were
successfully synthesized by wet chemical method. Electronic
absorption spectra of both the series i.e. Mn and Ni-doped
ZnO nanorods showed a signiﬁcant blue shift with the mount-
ing dopant concentration. This indicated increase in band gap
and decrease in size of nanoparticles. Fluorescence spectra
showed that the defect emission peak was strongly diminished,
thus defects from the crystalline structure were removed how-
ever TEM images of the doped nanorods were found compa-
rably thin and small. Additionally they had rough surfaces.
Hence the doped samples preferred to grow by oriented attach-
ment rather than Ostwald’s ripening mechanism. These nano-
rods were used in combination with P3HT as the active blend
of hybrid bulk heterojunction solar cells. The devices were
found to have signiﬁcant current density with respect to the
reference solar cell. If the morphology of nanorods is devel-
oped by trying other methods of synthesis, these cells are
expected to give signiﬁcant efﬁciency which is our next target.Please cite this article in press as: Shah, S.M. et al., Optical and morphological studie
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